Effective coordination of the biological stress response is integral for the behavioural well-being of an organism. Stress reactivity is coordinated by an interplay of the neuroendocrine system and the sympathetic nervous system. The hypothalamicpituitary-adrenal (HPA) axis plays a key role in orchestrating the bodily responses to stress, and the activity of the axis can be modified by a wide range of experiential events. This review focuses on several factors that influence subsequent HPA axis reactivity. Some of these factors include early-life adversity, exposure to chronic stress, immune activation and traumatic brain injury. The central premise is that each of these experiences serves as a general vulnerability factor that accelerates future HPA axis reactivity in ways that make individuals more sensitive to stress challenges, therefore feeding forward into the exacerbation of ongoing (or greater susceptibility toward) future stress-related disease states, especially as they pertain to negative affect and overall brain health.
| INTRODUC TI ON
The ability to successfully adapt to environmental challenges, including stressful circumstances, is central to the survival of an organism and has been a key topic in biomedical research for decades.
Indeed, Walter Cannon first introduced the concept of "fight or flight" to describe an organism's response to acute stress challenges that threaten physiological function. 1 In doing so, he coined the term "homeostasis" 2 to extend Claude Bernand's concept of "milieu intérieur", which generally refers to the tendency to maintain constancy of the interior environment. 3 Thus, Cannon defined homeostasis as "The coordinated physiological processes which maintain most of the steady states in the organism …". 2 By contrast, Hans
Selye expanded the definition of stress by introducing the concept of the general adaption syndrome as the organism's pathology in response to a chronic stressor. 4 These pioneers of the stress field built the conceptual framework for how most researchers view stress challenges, how an organism adapts physiologically to those threats, and best practices for understanding the diverse nature of threats to the health of an organism. This work also highlighted the need to further understand mechanisms underlying the stress response, 5 revealing the complexity of communication between the autonomic, immune, nervous and endocrine systems. Perturbations in the homeostasis of the stress network may hinder psychological and behavioural well-being. This review discusses the various ways in which an organism's stress response may be altered, including early-life stress, chronic stress and brain injury.
| The generalised stress response
The generalised physiological response to stress, whether psychogenic or systemic in nature, consists of the activation of the sympathetic motor system and the hypothalamic-pituitary-adrenal (HPA)
axis. Both systems are controlled centrally from the hypothalamus, the master command center for autonomic and neuroendocrine systems. The stress response writ large consists of engaging multiple cellular and physiological processes, marshalling metabolic resources to support the mobilisation of those processes, and restoring the different systems to baseline levels upon termination of the stress exposure. The stress activation of sympathetic motor and HPA neuroendocrine outputs is coordinated at the level of the hypothalamus to engineer these different components of the stress response within prescribed time points following the stress presentation. Thus, the sympathetic system is activated initially to assign salience and to effectuate fight or flight by increasing arousal, augmenting blood flow, increasing blood oxygenation and mobilising cellular energy processes, with obvious acute selective benefits for survival. The HPA response is slower in onset and longer in duration as a result of its neuroendocrine nature, with its protracted kinetics being timed for the maintenance of tissue fitness following sympathetic activation, as well as for termination of the response upon cessation of the stress exposure ( Figure 1 ). Glucocorticoids are an end secretory product of the HPA axis activation, and are a main effectuator of the comparably slow HPA component of the stress response.
| The HPA axis
Among the many stress-responsive systems, the HPA axis remains one of the most studied indices of stress reactivity and adaptation. Although this canonical description of HPA axis reactivity creates the impression of a simplistic response to stress, each level of the axis can be modified by numerous other factors that are F I G U R E 1 Relative time courses of major components of the generalised stress response. Stress exposure stimulates excitatory input to the hypothalamus, which triggers a rapid activation of the sympathetic motor system, followed by a delayed activation of the hypothalamic-pituitary-adrenal (HPA) axis Basal and stress-induced HPA axis reactivity are also altered by oxytocin (OT) that is synthesised and released from the PVN, where
OT attenuates activity within the axis. 14 Ultimately, the output of the HPA axis has a profound influence on the immune system, autonomic regulation and behaviourally relevant limbic regions. 15 Thus, the HPA axis is a highly dynamic, stress-responsive system that is both causally activated by stressful circumstances and crucial for orchestration of organism-wide responses to stress.
| CELLUL AR MECHANIS MS OF R APID G LUCO CORTI COID NEG ATIVE-FEEDBACK

| GRs
Glucocorticoids are steroid hormones whose actions follow the ca- ) ( Figure 2 ). Although intuitively obvious from the rapid rate of glucocorticoid suppression of HPA activation, it was not until relatively recently that the rapid negative-feedback effects of glucocorticoids on the HPA axis were understood to be mediated by nontranscriptional mechanisms via the activation of membraneassociated receptors. 16, 20 Intracerebral administration of glucocorticoids in the bilateral PVN rapidly suppresses stress-induced HPA activation via a membrane-associated receptor and endocannabinoid-dependent mechanism. 16 Glucocorticoids stimulate the synthesis of the endocannabinoid 2-arachidonoylglycerol (2-AG) in PVN CRF neurones via the activation of a membrane-associated receptor [20] [21] [22] and a cAMP signalling pathway. 22, 23 The glucocorticoid-induced 2-AG is released at excitatory synapses onto the CRF neurones and is transmitted retrogradely to presynaptic glutamatergic axon terminals, where it suppresses glutamate release by binding to CB1 receptors 20, 24 ( Figure 3 ). This endocannabinoid-induced suppression of synaptic excitation in the CRF neurones dampens the excitatory drive to the CRF neurones, which provides a circuit mechanism for the rapid negative-feedback regulation of the HPA axis by glucocorticoids.
The rapid glucocorticoid-induced, endocannabinoid-mediated suppression of synaptic excitation has also been found in magnocellular 29 Additionally, conditional genetic knockdown of the nuclear glucocorticoid receptor in PVN neurones blocks the rapid glucocorticoid modulation of excitatory synaptic transmission in PVN CRF and magnocellular neuroendocrine cells 30 and also the glucocorticoid negative-feedback regulation of the HPA axis, 31 indicating that the rapid glucocorticoid effects on the CRF neurones are dependent on the nuclear glucocorticoid receptor. Taken together, these findings suggest the possibility that the membrane glucocorticoid receptor may be the nuclear glucocorticoid receptor localised to the membrane. However, because the nuclear glucocorticoid receptor regulates thousands of genes, 32 the loss of the rapid glucocorticoid effect in CRF neurones following the genetic knockdown of the nuclear receptor does not mean that the membrane receptor is the nuclear receptor per se because the loss of the rapid glucocorticoid effect may be a result of the loss of a signal in the membrane receptor signalling pathway that depends on transcriptional regulation by the nuclear glucocorticoid receptor. Therefore, the existing data do not indicate conclusively whether the membrane glucocorticoid receptor in the CRF neurones and magnocellular neuroendocrine cells of the PVN is the nuclear glucocorticoid receptor located at the membrane, or a distinct G protein-coupled receptor, or even a membrane transport protein that shuttles the glucocorticoid into the cell and triggers a G protein signalling cascade in the process.
| Rapid glucocorticoid regulation of prehypothalamic limbic structures
Glucocorticoid-induced retrograde endocannabinoid suppression of synaptic transmission has also been found to exert rapid feedback synaptic regulation in the hippocampus, PFC and amygdala. In the hippocampus, stress exposure in vivo and corticosterone application to in vitro hippocampal slices caused an increase in hippocampal 2-AG levels and enhanced the endocannabinoid-dependent suppression of synaptic inhibition induced by depolarisation or cholinergic activation in CA1 pyramidal neurones. 33 The hippocampus/ subiculum exerts an inhibitory influence on the HPA axis, as relayed via an inhibitory relay in the bed nucleus of the stria terminalis. 34 The glucocorticoid-induced suppression of inhibition in the hippocampus is therefore considered to activate this pathway to contribute to the glucocorticoid suppression of the HPA axis. However, rapid glucocorticoid facilitation of inhibitory synaptic inputs to CA1 pyramidal neurones via a nitric oxide-dependent activation of local inhibitory interneurones has also been reported. 35, 36 The glucocorticoid disinhibition of the CA1 neurones via endocannabinoid suppression of GABA release would be expected to oppose the glucocorticoid-induced, nitric oxide-dependent excitation of local inhibitory circuits, rendering the net effect of rapid glucocorticoid modulation of inhibitory synaptic inputs to CA1 pyramidal neurones unclear. However, corticosterone has also been shown to rapidly increase excitatory synaptic inputs to hippocampal pyramidal cells via activation of presynaptic MR, 37 suggesting that the overall rapid glucocorticoid action in hippocampal pyramidal neurones is likely to be excitatory, and may contribute to the rapid feedback inhibitory effect of glucocorticoids on the HPA axis.
Stress exposure also causes a glucocorticoid receptor-dependent increase in 2-AG content in the medial PFC in vivo. 38 Corticosterone pretreatment of PFC slices leads to the suppression of GABAergic inhibitory synaptic inputs to layer V pyramidal neurones, which is dependent on 2-AG activation of CB1 receptors. Similar to the hippocampus, the PFC exerts an inhibitory influence on HPA activation via an inhibitory relay in the bed nucleus of the stria terminalis, 34, 39 such that disinhibition of the PFC output neurones by stress-induced glucocorticoids would also be expected to contribute to the negative-feedback regulation of the HPA axis. This may be a delayed effect compared to the direct negative glucocorticoidfeedback occurring at the PVN, and may serve to prolong or sustain the feedback inhibition of the HPA axis. It should be noted, however, Glucocorticoid that glucocorticoids also rapidly modulate inhibitory synaptic inputs to pyramidal neurones in layer II/III of the medial PFC but, rather than suppressing GABA release through retrograde presynaptic endocannabinoid signalling, glucocorticoids rapidly increase inhibitory synaptic inputs by activating upstream local inhibitory interneurones. 36 How the rapid glucocorticoid-induced increase in inhibition of layer II/III neurones and decrease in inhibition of layer V neurones integrate to create a net PFC output to the HPA axis is not known.
In the BLA, stress-induced glucocorticoids also modulate inhibitory synaptic transmission via an endocannabinoid-dependent mechanism. 40 Glucocorticoids stimulate the synthesis and retrograde release of 2-AG at GABA synapses onto principal cells in the BLA, and this stress-induced rise in intra-BLA endocannabinoid contributes to the anxiety-like behaviour caused by acute stress.
Excitatory synapses in the BLA also respond to glucocorticoids with an endocannabinoid-induced suppression of glutamate release, although this is seen only following in vivo priming with a prior stress exposure or in vitro priming of the BLA excitatory synapses with prior corticosterone treatment, 41 suggesting that this endocannabinoid mechanism at excitatory synapses may play a role in chronic stress adaptation or sensitisation. The endocannabinoid-dependent suppression of synaptic excitation may be purposed to restrain the increase in excitatory synaptic inputs to the BLA principal cells caused by acute stress and rapid corticosteroid actions at the MR. 41, 42 Importantly, experiential factors have the ability to disrupt many levels of this circuitry, thereby creating vulnerabilities to the expression of stress-related disorders. To better understand the vulnerability factors that promote HPA axis dysregulation and its relationship with stress-related disorders, a session was formed at the International Workshop in Neuroendocrinology in August 2017.
Thus, the present review article aimed to highlight three distinct experiential events that serve as vulnerability factors for later changes in stress reactivity, as well as the fundamental neurobiological mechanisms that subserve them. As this review will highlight, the adult stress response is sensitive to disruptors such as early-life stress, as well as chronic stress, immune activation and traumatic brain injury (TBI) experienced in adulthood. These environmental threats have feed-forward influences on the physiological outcomes of the stress response. Dysregulation of stress reactivity can result in the development of neuropsychiatric illnesses, inflammation and other stress-related disease states (Figure 4 ). In this way, the following review will utilise an exemplar-driven approach to better understand the mechanisms that might be common to diverse threats (early-life stress, chronic stress in adulthood and mild TBI) that contribute to stress dysregulation.
In sum, the HPA axis is regulated by a wide range of intrinsic and extrinsic mechanisms, offering a multitude of points at which HPA axis regulation can be disrupted when stress challenges are encountered repeatedly, during periods of developmental vulnerability, or in adult individuals with a history of traumatic experiences. These will be addressed in the sections that follow.
| CHRONI C S TRE SS ALTER S LIMB IC S I G NALLING TO THE HPA A XIS
The adult brain displays a high degree of plasticity, a property that is essential for functional adaptation to a constantly changing environment. From a broad standpoint, the brain areas involved in the stress response include the hypothalamus, hippocampus (learning and memory), the PFC (executive function) and the amygdala (threat appraisal). 43 These structures play a key role in integrating physiological and behavioural responses during stress and coping with subsequent stressful events. 44 On the other hand, repeated exposure to stressors negatively influences the physiology of organ systems.
Repeated stress sensitises the stress system to the development of complex disorders such as autoimmune and cardiovascular diseases, The influence of chronic stress is not only restricted to alteration of hedonic processes, but also extends to cognitive function. Chronically stressed animals displayed reduced spatial learning, suggestive of disruption in hippocampal functioning. 56 Furthermore, postmortem studies have revealed a reduction in the volume of the hippocampus and PFC in depressed patients. 57 Postmortem studies have also indicated that depressed patients present poor glutamate clearance, suggesting increased activation of glutamate receptors, 58 an effect that is also observed in chronically stressed rodents. 59, 60 Thus, changes in levels of glutamate may affect the balance of excitatory and inhibitory cues, resulting in alterations of stress reactivity.
Glutamate activates both metabotropic and ionotropic (AMPA and NMDA) receptors. Variation in cell surface exposure of these receptors determines changes in excitatory synaptic efficacy, such as long-term depression or long-term potentiation (LTP). Chronic stress reduced LTP in CA1 neurones and the dentate gyrus of the hippocampus. 61, 62 Studies have examined the expression of glutamate receptors aiming to understand this variation in LTP. In the dorsal hippocampus, chronic stress reduced NMDA receptor 1 (NR1; obligatory subunit) and resulted in a negative shift in NMDA receptor 2A/ NMDA receptor 2B (NR2A/NR2B). 63 Given that the subunit configuration of NMDA receptors influences the deactivation kinetics of the channel and the affinity for glutamate, 64 such variation may explain the reduction in LTP in chronically stressed animals. 65 Collectively, these studies suggest that chronic stress alters the strength of hippocampal excitatory synapses, probably through the variation in synaptic contact, a mechanism that may be important for stressinduced disruptions in cognitive function.
In addition to changes in GABA-glutamate signalling, chronic stress also produces morphological changes in the central nervous system (CNS), including dendritic atrophy and reduced spine density in neurones of hippocampus and PFC. symptomology. Altered stress reactivity may result in depressive behaviours; however, the mechanisms underlying chronic stress and the associated synaptic and dendritic changes need to be examined.
In sum, repeated exposure to stress during adulthood is associated with multiple adaptations in neural circuits that govern the HPA axis and contribute to behavioural and neuropsychiatric problems later in life. However, vulnerability to the adverse consequences of stress is not consistent across the lifespan, with early-life adversity, adolescence and late ageing all being associated with unique regulatory changes within the HPA axis and, ultimately, in the expression of stress-related pathology. With that in mind, we will now turn our attention to early-life adversity and its long-term impact on social processes because disruption of social processes is a core feature of many neuropsychiatric conditions.
| PERINATAL ENVIRONMENTAL INTERVENTIONS HAVE LONG -TERM CON S EQUEN CE S ON S TRE SS RE AC TIVIT Y
The interplay between neuroendocrine systems and the OT system is related to social and stress coping behaviours. For example, the OT system regulates the HPA stress response at baseline and during threat exposure. OT can act at the level of the hypothalamus, or throughout the limbic circuitry, providing direct and indirect modulation of stress and coping behaviours. 79, 80 OT has also been vastly associated with social behaviours, especially those related to bonding (mother-infant; pair bonding, monogamy).
Environmental events early in life can change the OT system and thus be the basis for changes in adult social behaviours 81, 82 and subsequent stress reactivity, ultimately portending the devel- Adult male rats stressed during gestation and reared by mothers that were also stressed showed reduced social interaction (but increased aggressive behaviours). Male pups stressed during gestation but reared by nonstressed mothers showed no dysregulation of later social behaviours 92 (females not studied). Overall, there is a complex interplay between mild early-life interventions and exposures and long-lasting influences on the adult stress reactivity.
Overall, mild early-life environmental interventions can affect several systems, resulting in long-lasting behavioural effects and stress-relevant outcomes. The neonatal neuroendocrine system appears to be "open" to those interventions; however, the messenger(s) between the environment and the effector systems remains to be established. OT could exert that role. The challenge that remains is to understand the processes and mechanisms involved in the development of social behaviours during that early period. What would be the salience of a stimulus to an animal that encounters it for the first time? Because there was no previous adaptation and other central processing of the stimulus, how would it be perceived by the neonate? Would the stimuli during infancy induce stable memories?
How would they "build" future sociability later in life? Considering the evolutionary importance of social behaviour and the fact that social behaviour disruption is a core feature of multiple mental health problems later in life, understanding the influence of early-life stress on adult social processes and the neurohormonal and neuropeptide mechanisms underlying such changes is critical.
| TB I INDUCE S LONG -L A S TING ALTER ATI ON S IN S TRE SS RE S P ON S E CIRCU ITRY
In addition to early developmental perturbations, traumatic experi- haviours persisted months after injury. 98 Similarly, TBI induced hyper-responsivity and enhanced fear retention in the acoustic startle and Pavlovian fear conditioning tests, respectively. 99, 100 Importantly, these outcomes in rodent models mimic symptoms observed in PTSD patients, emphasising the translational value of rodent models in delineating neurobiological mechanisms by which mTBI influence later stress reactivity.
Most endocrine axes are prone to TBI-induced dysfunction.
Clinically, chronic hypopituitarism is observed in a large population of TBI patients. 101 Clinical and experimental evidence shows that the HPA axis was vulnerable to dysregulation as a result of injury.
102,103
ACTH and CORT insufficiencies were observed in the acute phase (<2 weeks) post injury. 104 Although HPA axis disruption recovered post injury, neuropsychiatric symptoms persisted as much as 6 months later. 105 Preclinical data also provide supporting evidence TBI increased GR levels (up to 3 days post injury) and decreased MR
(1 day post injury) levels in the hippocampus. 108, 109 MR and GR levels returned to baseline at 7 days post injury. 108 Administration of GR antagonists was shown to decrease TBI-induced hippocampal cell death 110 and anxiety-like behaviours.
111
There is also evidence that TBI can alter neural regulation of HPA axis activity by affecting CNS sites that project to the PVN.
Clinically, alterations in the PFC, amygdala and hippocampus were apparent after TBI. 112, 113 These limbic structures provide direct and indirect projections to CRF neurones in the pPVN to regulate the behavioural stress response. 12, 114 This communication is either excitatory (glutamatergic) from the amygdala or inhibitory (GABAergic) from the PFC, hippocampus and bed nucleus of the stria terminalis. In experimental models, cell death also occurs throughout these limbic structures. 115, 116 Changes in glutamate and GABA are also observed after TBI. 117 For example, a loss of inhibitory neurones (measured by GAD-67 and parvalbumin immunohistochemistry) was observed in the amygdala and hippocampus after TBI. 118 Taken together, these findings suggest that TBI can have a profound influence on subsequent activity of the HPA axis when stress challenges are encountered post-injury. In this way, individuals with a history of acute or repeated TBI may be more sensitive to the adverse consequences of stress later in life, an effect that may persist for months to years post-injury. Thus, ongoing studies are required to better understand the neurobiological mechanisms by which TBI influences stress reactivity later in life.
| INTERPL AY OF THE S TRE SS AND IMMUNE A XE S
As noted above, a variety of insults including early-life adversity, chronic stress exposure and TBI can all have a profound influence on cognitive function, with many of these effects being mediated by CORT or having long-lasting effects on HPA axis and sympathetic nervous system. Indeed, the PFC and hippocampus are highly sensitive to the deleterious effects of CORT 119, 120 The ability of glucocorticoids to exert either pro-inflammatory or anti-inflammatory effects is dependent on the timing, concentration and duration of glucocorticoid exposure. The specifics of the inflammatory actions of glucocorticoids are not well understood.
Chronic unpredictable stress increases circulating CORT. 122, 123 In the PFC and hippocampus, elevated CORT increased the expression of pro-inflammatory genes (inducible nitric oxide synthase, interleukin [IL]-1β, tumour necrosis factor-α). Additionally, elevated CORT decreased anti-inflammatory genes including IL-1ra, IL-10 and mitogen-activate protein kinase phosphatase 1 in these limbic structures. 122, 123 Pre-treatment with the GR antagonist, RU486, reduced this pro-inflammatory effect, suggesting that this was indeed GR mediated.
122,123
The PFC and hippocampus are prone to detrimental effects by glucocorticoids, potentially mediated by the inflammatory roles of microglia and astrocytes. The pro-inflammatory role of glucocorticoids after kainic acid insult increased cell death. 124 Blocking microglial activation reduced the glucocorticoid-induced worsening of neurone survival. 124 Administration of high levels of glucocorticoids decreased anti-inflammatory gene expression in the hippocampus but increased the pro-inflammatory gene, IL-1β. 124 After injury (kainic acid or focal ischaemia), glucocorticoids decreased neuronal survival in GR knockout animals. 125 Accordingly, glucocorticoids may activate microglia, leaving them in a "primed" state. 126 In immune disorders, such as multiple sclerosis, synthetic glucocorticoids, such as methylprednisolone and dexamethasone (ie, high affinity for GR) are the standard treatment for acute disease symptomatology. In an experimental model of multiple sclerosis , the experimental autoimmune encephalomyelitis, Wurst et al 127 showed that methylprednisolone administration prior to immunisation resulted in increased leukocyte infiltration into the CNS. A worsening of the symptoms was also observed, adding more evidence in a disease model, that glucocorticoids are not uniformly anti-inflammatory.
Overall, this suggests a bidirectional communication between stress reactivity and inflammation. The emerging, pro-inflammatory influence of stress challenges broadly, and CORT specifically, might help explain the general paradox that inflammatory disease states are typically exacerbated (rather than ameliorated) during times of chronic stress. This is particularly important given the large number of disorders that involve inflammation, and that are also known to be exacerbated by stress, including obesity, asthma, diabetes, cardiovascular and neurodegenerative diseases, as well as cancer, to name a few. Thus, a major path for the future is to better understand the mechanistic relationship between classic stress-responsive systems such as the HPA axis, inflammation and subsequent disease states.
| CON CLUS IONS
The over-arching goal of this brief review was to identify how a range 
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